We compare the parallaxes of stars from VLBI astrometry in the literature to those in the Gaia DR2 catalog. Our full sample contains young stellar objects, evolved AGB stars, pulsars and other radio stars. Excluding AGB stars, which show significant discrepancies between Gaia and VLBI parallaxes, and stars in binary systems, we obtain an average, systematic, parallax offset of −75 ± 29 µas for Gaia DR2, consistent with their estimate of a parallax zero-point between −100 and 0 µas.
INTRODUCTION
The second data release (DR2) of Gaia provides precise celestial coordinates, trigonometric parallaxes, and proper motions for more than 1.3 billion stars based on observations collected during the first 22 months of the mission (since July 2014) (Gaia Collaboration et al. 2018) . However, there are systematic astrometric errors in Gaia DR2. The astrometric uncertainties of celestial objects provided in Gaia DR2 are mainly depended on their magnitudes and celestial positions owing to the scanning law of Gaia (Lindegren et al. 2018) . For parallaxes, uncertainties are typical ∼ 0.04, 0.1 and 0.7 mas for stars with G magnitude ≤ ∼14, 17 and 20, respectively (Luri et al. 2018) . Similarly to Gaia DR1, all sources are treated as single stars and thus representable by five astrometric parameters associated with parallax and proper motion. For unresolved binaries (separation ≤ 100 mas), the results thus refer to the photo-center, and orbital motion and photometric variability may corrupt the astrometric parameters. For resolved binaries, the results may refer to either component and are sometimes spurious due to confusion of the components. Based on quasars and validation solutions, Lindegren et al. (2018) estimate that the zero-point parallax corrections depend on position, magnitude, and color and are generally below 100 µas in magnitude, with an average bias of about −29 µas.
Clearly, independent assessments of Gaia parallaxes are important to fully characterize systematic errors. Stassun & Torres (2018) find a parallax zero-point of −82 ± 33 µas based on 89 eclipsing binaries. Zinn et al. (2018) present an independent confirmation of parallax zero-point of −52.8 ± 2.4 µas (stat.) ±1 µas (syst.) based on 3500 evolved stars in the Kepler field. Riess et al. (2018) find the parallax offset to be −46 ± 13 µas based on the Hubble Space T elescope (HST ) data of 50 long-period Galactic Cepheids. Based on a direct comparison of the Gaia DR2 with VLBA parallaxes for 55 young stars, Kounkel et al. (2018) find a parallax zero-point of −73 ± 34 µas. Bobylev (2018) also estimates a parallax zero-point of −38 ± 46 µas using a sample of 75 radio stars with Gaia DR2 and VLBI measurements. All of these estimated zero-points are larger than the Gaia average value of −29 µas. However, the stars from the above-mentioned comparisons are either a specific stellar class of stars or from a specific region within a limited distant range and some of the astrometric results are not from trigonometric parallax measurement. Therefore, a comparison using stars of different types with independent trigonometric parallaxes could robustly assess the Gaia DR2 parallax zero-point issue.
Very Long Baseline Interferometry (VLBI) astrometry is capable of measuring parallaxes with accuracies of ∼10 µas (Reid & Honma 2014) , which is comparable to or better than the goals of Gaia. Because radio waves are not absorbed significantly by interstellar dust, the entire Milky Way is available for VLBI observation. Such measurements have now been carried out for hundreds of radio sources as distant as 20 kpc (Sanna et al. 2017) . Since VLBI astrometry is relative to distant quasars, the results are absolute parallaxes with no significant zero-point correction. Thus, in order to perform an independent assessment of Gaia DR2 parallaxes directly, we collected a sample of ∼100 stars of different types with published VLBI parallaxes. Most of the VLBI parallax uncertainties in the sample are smaller than those of the Gaia DR2, which offers a unique opportunity to assess Gaia DR2 parallaxes, particularly for the Gaia parallaxes zero-point. In Table 1 , we compile a catalog of 108 stars with both VLBI and Gaia DR2 astrometric results. The sky distribution of these stars are shown in Figure 1 , with most of the stars in or near the Galactic plane. We assembled this catalog by starting with more than 130 stars with VLBI parallax results and finding that 93 already have Gaia DR2 results be identified in the SIMBAD database (Wenger et al. 2000) . The methods used for the cross-identification of SIMBAD with Gaia DR2 by Simbad Team are as follows: (1) Objects must have pre-Gaia sub-arcsecond accurate coordinates in SIMBAD; (2) Coordinates of Gaia objects were calculated at epoch 2000.0 taking into account their measured proper motions in order to be compared to the positions in SIMBAD; (3) Gaia stars were discarded if they have a neighbouring star in SIMBAD closer than 3 ′′ ; (4) SIMBAD stars were also discarded if they have a neighbouring star at less than 3 ′′ in Gaia DR2, with a difference of magnitude of < 3 mag, the brighter source being at less than 1 ′′ from the SIMBAD position; (5) Finally SIMBAD stars that were cross-identified with a Gaia DR2 source with a positional difference > 1.0 ′′ were also discarded. Additionally, we found 15 VLBI/Gaia stars that do not appear in SIMBAD. Among them there are seven stars (IRAS 18286-0959, bet Per, GBS-VLA J183123.62-020535.8, 2MASS J16264923-2420029, V1098 Tau, XZ Tau, & V1000 Tau) with null values for Gaia parallaxes and one star (VY CMa) with a negative Gaia parallax, and we do not use them in the comparison.
For VLBI parallaxes, there are 15 stars with more than one parallax measurement, and for these used varianceweighted averaged results. The stellar parallaxes listed in Table 1 range from ≈ 0.26 to 93.14 mas, corresponding to distances from ≈ 4 to 0.011 kpc. The median uncertainties of these VLBI and Gaia DR2 parallaxes are 74 and 123 µas, respectively. The stars in our sample include a number of stellar types, including YSOs, AGB stars, pulsars and other radio stars.
The astrometric results for pulsars in Gaia DR2 are from binary companions (Jennings et al. 2018) . We find that the parallax result of PSR J1023+0038 is consistent between VLBI and Gaia DR2, but there is a very large discrepancy for PSR J0437-4715. Since this sub-sample is small and unreliable, owing to the unmodeled effects of binary orbits on parallax, we do not consider them further in our analysis.
We examined three independent sub-samples of stars of different stellar types in order to compare the astrometric results of VLBI and Gaia DR2. Our sub-samples are as follows:
1. AGB: all AGB stars.
2. YSO: all YSO stars.
3. "Other": the remaining stars in the Table 1 .
In addition, we consider three groupings of these sub-samples: 4. AGB+YSO: the union of the AGB and YSO sub-samples. Since we expect some outliers in the Gaia DR2 catalog (eg, from binaries), we use "box" plots (Tukey 1977; Feigelson & Babu 2012) , a compact display of robust measures of location and spread, to identify and remove outliers. Figure 2 plots parallax and proper motion differences between the DR2 and VLBI measurements for our full sample. The boxes denote the inner quartile range (IQR), and the vertical red dashed-lines at ±3.0 × IQR, separate the extreme outliers from the rest of the data. There are 5, 7 and 6 extreme outliers in the discrepancies of ̟, µ x and µ y , respectively. These were separately removed from the statistics of each parameter, so that, for example, a proper motion parameter was still used for a star with a parallax outlier that was removed from the parallax statistics.
In order to fit the relationship between the VLBI and Gaia DR2 results, we adopt linear regression for data with errors in both X and Y axes, following the method derived by Deming (1943) and described in detail in York et al. (2004) . We estimate the slope, intercept, and standard errors of the best straight line by minimizing the sum:
where (X k , Y k ) denote the k th data pair with corresponding standard deviations (σ X,k , σ Y,k ) and (x k , y k ) denote points of the estimated straight line. The best linear fit results are listed in Table 2 & 3. Figure 3 & 4 show the direct comparison of the VLBI and Gaia DR2 results.
As shown in Table 2 , the agreement between the Gaia DR2 and VLBI parallaxes is excellent for all sub-samples, with the slopes of the fitted lines consistent with unity within 2σ uncertainties. The (y-axis) intercepts are small and negative, indicating the Gaia parallaxes are systematically smaller than the (absolute) VLBI parallaxes, as expected for the Gaia DR2 catalog.
Among all the samples, the AGB sample has the largest uncertainties and discrepancies between Gaia DR2 and VLBI data. Stellar angular diameters for 12 AGB stars from literature are listed in Table 4 . In Figure 5 , we plot the Gaia DR2 and VLBI parallax uncertainties for these AGB stars versus their angular diameters. There is a clear trend that the larger of the stellar size, the larger of the stellar parallax uncertainty for Gaia DR2, while there is no such a trend for VLBI observations. This is not unexpected for stars with angular sizes comparable to their parallaxes and known to have significant surface brightness variations.
As mentioned by Luri et al. (2018) , the systematic errors in Gaia DR2 are complicated, affected by position on the sky, magnitude, and color. Mowlavi et al. (2018) claimed that the precision reached on the parallax depends on the G BP -G RP color for long period variable candidates, where the G BP and G RP are the Gaia magnitudes of blue and red photometer values, respectively. The G BP -G RP spread originates from extinction due to interstellar and/or circumstellar dust (Mowlavi et al. 2018) . As shown in Figure 6 , the parallax uncertainties of Gaia DR2 are larger than VLBI at magnitude > 16 and large G BP -G RP . This shows that redder AGB stars give larger parallax uncertainties; possible reasons include 1) they tend to be larger, 2) they probably have more surface brightness variations, and 3) The notches on the sides of the box hinges are at ±1.58 × IQR/ √ N , representing the standard deviation of the median for a Gaussian distribution. Vertical dashed red lines are set at 3.0 × IQR above and below the 25% and 75% quartiles based on the Full sample. Extreme outliers fall outside the vertical dashed red lines and were excluded from our analysis. b Variance weighting as 1/(σ̟ VLBI 2 + σ̟ Gaia 2 ) they will likely have more circumstellar dust to corrupt their images. We conclude that one should be cautious when using the Gaia parallaxes for AGB stars. Certainly, binaries can yield unreliable parallaxes, since unmodeled orbital motions can be significant. Note that the sub-samples excluding binaries have larger slope uncertainties than samples including binaries. This is simply a result of much larger parallax range of ∼ 93 mas for samples including binaries than ∼ 8 mas when the binaries are excluded as shown in Figure 3 .
For our most reliable estimate of the Gaia DR2 parallax zero-point we choose the results of the YSO+Other samples that exclude binaries and red giants. Assuming that the slopes are exactly unity, we can simply calculate a varianceweighted mean difference between DR2 and VLBI parallaxes in order to estimate the Gaia zero-point correction. These are also shown in Table 2 . We find the zero-point is −75 ± 29 µas if the slope is assumed to be exactly unity. The magnitude of our estimated parallax zero-point is statistically consistent, but perhaps larger than that of the Gaia DR2 claim of an overall parallax zero-point of −29 µas.
As shown in Table 3 and Figure 4 , the fractional uncertainties of proper motions differences, while excellent, is not as good as for the parallaxes. Our results are independent of those estimated by Stassun & Torres (2018) , Zinn et al. (2018) and Riess et al. (2018) as mentioned in § 1, since the stars and the methods for deriving parallaxes are different. In contrast to the results of the Bobylev (2018) and Kounkel et al. (2018) , we use a larger sample of stars with VLBI parallaxes and consider the problems of AGB stars and binaries. There are 81 overlapping stars in Bobylev's sample (88 stars) and our sample (108 stars); the remaining 7 stars in Bobylev's sample had no VLBI parallax results, but were in the sample as they had proper motions. Also, Bobylev did not perform a rigorous least-squares analysis that takes into account errors in both axes. Finally, Bobylev (2018) calculated the weighted mean with weights inversely proportional to the measurement errors 1/ σ ̟VLBI 2 + σ ̟Gaia 2 , whereas we use the variance weighting 1/(σ ̟VLBI 2 + σ ̟Gaia 2 ). Using our methods on Bobolev's sample, we estimate the parallax zero-point as −65 ± 34 µas with 28 stars (i.e., excluding AGB and binary stars), which is consistent with our result.
SUMMARY
Based on the comparison of stellar parallaxes from Gaia DR2 and the generally more accurate VLBI values, we find a Gaia parallax zero-point correction of −75 ± 29 µas. This value is consistent with published Gaia estimates that the zero-point is negative and below 100 µas in magnitude. We find that AGB stars have the largest discrepancies in both parallax and proper motions of the samples we consider. This is reasonable since AGB stars are generally large, variable, and often surrounded by copious dust. Radio observations of circumstellar masers for AGB stars can yield parallax accuracy roughly an order-of-magnitude better than Gaia DR2 (Zhang et al. 2017; Xu et al. 2018 ). In the future, with improvement in sensitivity and calibration of VLBI arrays, it should be feasible to detect weaker radio stars and provide a better assessment of Gaia parallax accuracy.
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